Adaptive strength gains in dystrophic muscle exposed to repeated bouts of eccentric contraction.
muscle damage; muscle plasticity; dystrophin A PREDOMINANT FEATURE of dystrophic skeletal muscle is a hypersensitivity to eccentric contractions (i.e., lengthening contractions) resulting in a loss of muscle function and cellular damage. This was first demonstrated ex vivo in muscles lacking dystrophin (mdx mice), where eccentric contractions conferred force losses exceeding 60% and were accompanied by sarcolemmal disruptions (34) . Since then, the susceptibility of dystrophic muscle to eccentric contraction-induced injury has been used to measure disease severity (15) and as an index to test the efficacy of potential therapies for the human disease, Duchenne muscular dystrophy (DMD) (e.g., Refs. 22, 29, 40, and 41) . While the search for a means to mitigate contractioninduced injury is justified, what has been much less investigated is the recovery from and adaptation to eccentric contraction-induced injury in dystrophic muscles. Results from these types of studies may provide new insights into the disease progression and offer alternative cellular mechanisms to exploit in the attempt to alleviate disease severity.
Skeletal muscles of individuals with DMD and mdx mice have aberrant gene coding for the cytoskeletal protein dystrophin. Normally, dystrophin acts in combination with other cytoskeletal proteins in the costameric lattice to connect the sarcomere to the extracellular matrix (11, 12) . In this capacity, dystrophin helps facilitate the lateral transmission of contractile force and maintains sarcolemmal integrity (5, 33, 35) and intracellular Ca 2ϩ homeostasis (1, 14) . The general assumption is that the loss of dystrophin weakens the costameric lattice and renders fibers susceptible to eccentric contraction-induced injury. Indeed, dystrophic muscles have been shown in vivo, in situ, and ex vivo to have 20 -60% greater force losses after eccentric contractions than normal muscles with functioning dystrophin (10, 26, 37) . Despite an increased susceptibility to injury, recovery from eccentric contraction-induced injury is enhanced in dystrophic muscle compared with that of normal muscle. This was demonstrated in situ, where dystrophic muscles recovered all of their 70% force loss by 3 days postinjury, whereas normal muscles only recovered half of their 50% force loss in 3 days (6) . The extent to which dystrophic muscle can maintain this high rate of functional recovery with multiple bouts of injury is not known and was the focus of the present study.
The mechanism(s) responsible for force loss after eccentric contraction has been better explored and documented for normal muscle than dystrophic muscle. A unique aspect of an eccentric contraction is the high force that is generated, nearly twofold greater than what is generated during an isometric contraction (17) , and it is primarily this aspect of the contraction that causes the injury (24, 42) . Much of the immediate force loss and that up to ϳ3 days later has been attributed to the uncoupling of excitation-contraction processes (17, 45) , while disruptions to contractile and cytoskeletal proteins contribute to the prolonged force decrements that persist for 5-14 days (16, 19, 21) . In normal skeletal muscle, adaptations follow eccentric contractions to reinforce injury-susceptible areas, resulting in a protection against a future bout of eccentric contractions (i.e., repeated-bout effect) (30) . Specifically, these adaptations manifest as increased muscle strength, attenuation of future eccentric contraction-induced force loss, and faster recovery from injury (2, 18, 28, 31). However, whether or not dystrophic muscle adapts to repeated bouts of eccentric contraction-induced injury is not known.
In this study, we investigated the functional recovery and adaptation of dystrophic muscle to repeated bouts of electrically stimulated eccentric contractions. The aim of experiment 1 was to determine the amount of time required by mdx mice to recover strength after one bout of eccentric contractions in vivo. The aims of experiments 2 and 3 were to characterize functional adaptations after repeated bouts of eccentric contractions in vivo and then investigate specific adaptations using ex vivo and biochemical analyses. The aim of experiment 4 was to determine if differences existed in the rate of recovery from contraction-induced injury between wild-type and mdx mice. Because it is well established that one bout of eccentric contractions (either in vivo, in situ, or ex vivo) is extremely injurious to dystrophic muscle, it could be predicted that multiple bouts of eccentric contractions would exacerbate the disease phenotype in mdx mice. Here, we show that muscle injury was not worsened with subsequent bouts. Paradoxically, we discovered that muscle strength improved in mdx mice as a result of repeated bouts of eccentric contractions.
MATERIALS AND METHODS

Ethical Approval, Animals, and Experimental Designs
Male mdx mice (C57Bl/10ScSn-DMD mdx ) and wild-type mice (C57Bl/10ScSn) were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed in groups of 3-4 mice/cage on a 12:12-h light-dark cycle. Food and water were provided ad libitum. Preliminary strength loss and recovery data were collected from male mdx mice aged 6 wk (experiment 1). All other in vivo experiments were initiated when mice were 10 wk of age. This age was selected to avoid the variability associated with peak cycles of degeneration and regeneration characteristic of mdx mice aged 3-8 wk because the primary objective of this research was to investigate injury and recovery in dystrophic muscle, not mechanisms of disease onset or pathology. All protocols were approved by the Institutional Animal Care and Use Committee of the University of Minnesota and complied with guidelines set by the American Physiological Society.
Only mdx mice were used for experiments 1-3 because contractioninduced injury and recovery have been well documented in normal muscle and the goals of experiments 1-3 were to characterize injury and recovery in dystrophic muscle. Once characterized, wild-type mice were included for comparison (experiment 4). The purpose of experiment 1 was to determine the time course of functional recovery of the anterior crural muscles [i.e., tibialis anterior (TA), extensor digitorum longus (EDL), and extensor hallicus longus] from eccentric contraction-induced injury. To do this, mdx mice performed either 10 (n ϭ 4) or 100 (n ϭ 4) electrically stimulated eccentric contractions in vivo. Peak electrically stimulated isometric torque of the anterior crural muscles was reassessed immediately and then 3, 7, and 10 days postinjury.
The purpose of experiment 2 was to examine the functional adaptation of the anterior crural muscles to 5 repeated bouts of 100 eccentric contractions in vivo. To do this, mdx mice aged 10 wk were separated into three groups, which were then assigned different rest intervals between repeated bouts (i.e., 10, 14, and 18 days; Fig. 1 ). At each bout, peak isometric torque was assessed pre-and postinjury. Isometric torque as a function of stimulation frequency was also assessed preinjury.
The purpose of experiment 3 was to identify adaptations of five repeated bouts of eccentric contractions in an individual anterior crural muscle (EDL) studied ex vivo. To do this, either 3 or 14 -18 days after the final in vivo bout, EDL muscles were excised from in vivo-injured left legs and contralateral control right legs to assess contractility ex vivo. These time points were selected to assess changes occurring during the recovery process (3 days) and adaptations occurring after full recovery (14 -18 days). In addition to those mdx mice, a group of mdx mice that had aged and grown in parallel but only performed one bout in vivo were analyzed (1 bout ϩ3; Fig.  1 ). This group was included to investigate if growth of the mice was contributing to the functional changes occurring over time within the repeated bouts.
The purpose of experiment 4 was to examine potential differences between wild-type and mdx mice in the functional recovery and adaptation of the posterior crural muscles (gastrocnemius, soleus, and plantaris) to 5 repeated bouts of 100 eccentric contraction in vivo separated by 14-day rest intervals. Additionally, the posterior crural muscles were selected for this experiment to test whether they responded to the five repeated bouts similarly to the anterior crural muscles (in terms of immediate strength loss and long-term strength improvement). At an age of 5 wk, male wild-type and mdx mice had nerve cuffs surgically implanted on the tibial nerve of their left hindlimbs. Unlike the peroneal nerve, which can be stimulated percutaneously, the tibial nerve dives deep into the posterior crural muscles after branching from the sciatic nerve; therefore, a nerve cuff was necessary to stimulate the posterior crural muscles without recruiting the anterior crural muscles. After surgical implantation of the nerve cuff, mice were allowed to recover for 5 wk, at which point isometric torque of the posterior crural muscles group was assessed to ensure a complete recovery. One week after this, the first of five bouts was performed. To determine if repeated bouts affected the rate of recovery, isometric torque was assessed 3 and 7 days after the first and fourth bouts of injury.
Experimental Methods
In vivo measurements: anterior crural muscles. In vivo maximal isometric torque of the anterior crural muscles was assessed as previously described (3, 7) . Mice were anesthetized by an intraperitoneal injection of fentanyl citrate (10 mg/kg body wt), droperidol (0.2 mg/kg body wt), and diazepam (5 mg/kg body wt), and the left leg was shaved and aseptically prepared. The foot was placed in a metal foot plate attached to the shaft of a servomotor (model 300 B-LR, Aurora Scientific, Aurora, ON, Canada). Adjustments were made so that the foot was perpendicular to the tibia and the tibia was perpendicular to the femur. All functional measurements began at this neutral position. During functional testing, body temperature was maintained at 37°C (Cole Parmer, series 16A, Vernon Hills, IL). Two platinum electrodes (model E2-12, Grass Technologies, West Warwick, RI) were inserted percutaneously on either side of the peroneal nerve. A Fig. 1 . Design of experiments 2-4. Each box represents a bout of eccentric contractions performed in vivo. In experiment 2, mice performed five repeated bouts separated by 10, 14, or 18 days. In experiment 3, the contractility of extensor digitorum longus (EDL) muscles from 5 bouts ϩ3 and 1 bout ϩ3 mice was tested 3 days after the final in vivo bout. An extra interval of recovery (14 -18 days) was permitted before the contractility of EDL muscles from 5 bouts ϩfull mice was tested. In experiment 4, wild-type mice were added to compare recovery times. Isometric torque was assessed 3 and 7 days postinjury after bouts 1 and 4 as well as immediately before and after each bout.
stimulator and stimulus unit (models S48 and SIU5, respectively, Grass Technologies) stimulated the peroneal nerve via the platinum electrodes to induce a contraction of the anterior crural muscles. The voltage was adjusted from 3.0 to 9.0 V until maximal isometric torque (fused tetanus) was achieved. Torque as a function of stimulation frequency was then measured during nine isometric contractions at varying stimulation frequencies (20, 40, 60, 80, 100, 125, 150, 200 , and 250 Hz) using a 0.1-ms pulse duration. Next, the anterior crural muscles were injured by performing 10 or 100 eccentric contractions. Muscles were stimulated for 119 ms using the optimal voltage and 250 Hz. During stimulation, the anterior crural muscles were stretched from 19°of ankle dorsiflexion to 19°of ankle plantarflexion at an angular velocity of 2,000°/s. Eccentric contractions were separated by 10 s, and the entire protocol lasted 18 min. A 5-min rest followed the protocol before postinjury maximal isometric torque was measured. Preliminary results confirmed that isometric torque remained depressed for at least 1 h after 100 eccentric contractions, verifying that the protocol induced injury and not fatigue.
In vivo measurements: posterior crural muscles. For surgical implantation of the stimulating nerve cuffs, mice were initially anesthetized in an induction chamber using isoflurane, and anesthesia was then maintained by an inhalation of 1.75% isoflurane mixed with oxygen by mask at a flow rate of 200 ml/min. Nerve cuffs were constructed similar to that described previously (46) using platinumiridium wires (Medwire-Sigmund Chon 10Ir9/49T, Mt. Vernon, NY) and silastic tubing. An incision was made through the biceps femoris muscle in the left hindlimb, and the peroneal and tibial nerves were gently separated. Two platinum-iridium wires separated by 1 mm were placed around the tibial nerve; the wires were encased in a 1.75-mm segment of Silastic tubing (0.51-mm inner diameter and 0.94-mm outer diameter) to prevent stimulation of the adjacent tissue. The proximal end of the nerve cuff was externalized in the dorsal cervical region. Externalized electrode wires were connected to a stimulator and stimulator unit, and muscle contractions were elicited at 250 Hz. During functional testing, mice were anesthetized as described above, and all contractile protocols were initiated with the foot perpendicular to the tibia. Peak isometric contractions were achieved by adjusting the voltage from 3.0 to 9.0 V for a stimulation period of 150 ms. Eccentric contractions were performed under the parameters previously described with the exception that the posterior crural muscles were stretched from 19°of ankle plantarflexion to 19°o f ankle dorsiflexion. Ex vivo measurements. Mice were anesthetized with pentobarbital sodium (100 mg/kg body wt), and the EDL muscles were excised and analyzed for force-generating capacities as previously described (3). Muscles were maintained at a resting tension of 0.4 throughout the experiment as per our previous studies (43, 44) . EDL muscles were maintained at a constant 25°C throughout the experiments. Contractile characteristics tested included the following: peak twitch force, maximal isometric tetanic force, and maximal rates of tetanic contraction and relaxation.
Muscle Mass, Protein Content, Histology, and Western Blot Analysis
Total and contractile protein contents for EDL muscles were determined as previously described (8, 27) . Briefly, each muscle was homogenized in 10 mM phosphate buffer (pH 7.0), and homogenates were assayed in triplicate using the bicinchoninic acid protein assay (Pierce, Rockford, IL) and then subjected to SDS-PAGE to determine the total sample myosin heavy chain and actin contents (27) .
Because peak isometric torque-time tracings revealed an increase in the rate of relaxation with repeated bouts, TA muscles from 1 bout ϩ3 and 5 bouts ϩfull mice were analyzed for parvalbumin and sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 1a (SERCA1a) by Western blot analysis to assess the contents of these proteins from muscle that had performed a single bout and muscle that had performed and recovered from five repeated bouts. Muscles were pulverized with a mortar and pestle and solubilized in 1% SDS, 5 mM EGTA, and a cocktail of protease inhibitors (7) . Solubilized muscle homogenates were assessed for total protein content, and 50 g total protein was separated on a 3-12% polyacrylamide gel and transferred to polyvinylidene difluoride membranes as previously described (7, 38 ). Western blot analysis was then performed using the following monoclonal antibodies: parvalbumin (1:1,000, Sigma), SERCA1a (1:2,500, Pierce), and GAPDH (1:2,000, GenScript). Secondary antibodies were diluted (1:5,000) and detected with the Odyssey Infrared Imaging System (Li-Cor Biosciences) using the 700-and 800-nm channels.
Serial sections from the midbelly of TA muscles frozen in OCT compound were cut to a thickness of 5-10 m. Sections were stained with hematoxylin and eosin and imaged at ϫ100 magnification. Individual fiber cross-sectional areas were measured (20) , and fibers with centralized nuclei were counted from 300 fibers within each muscle.
Statistics
For experiment 1, isometric torques were analyzed by ANOVA with the factors being group (10 and 100 electrically stimulated eccentric contractions) and time (preinjury and 0, 3, 7, and 10 days postinjury) with repeated measures on the time factor. For experiment 2, body weight and preinjury isometric torques were analyzed by two-way ANOVA with the factors being rest intervals (10, 14, and 18 days) and bout (first, second, third, fourth, and fifth) with repeated measures on the bout factor. One-way ANOVA was used to analyze the following variables in experiment 2 with repeated measures across bouts: the first eccentric contraction torque, eccentric torque loss, isometric torque loss, and preinjury torque frequency. Also, SERCA1a and parvalbumin protein contents as well as the percentage of fibers with centralized nuclei were compared between in vivo-injured and contralateral control TA muscles using paired t-tests. 2 -Analysis was used to determine differences in fiber size distribution. For experiment 3, ex vivo contractile properties and total and contractile protein contents were compared between in vivo-injured and contralateral control EDL muscles using paired t-tests. One-way ANOVA was used to analyze the following variables in experiment 4 with repeated measures on bouts for mdx mice only: preinjury isometric torque and eccentric torque loss. Recovery of isometric torque at 3 and 7 days postinjury was analyzed by two-way ANOVA, genotype (wild type vs. mdx) by bout (first and fourth), with the repeated measures on bouts. When significant main effects or interactions were found, differences were tested with Tukey's post hoc tests. An ␣-level of 0.05 was used for all analyses. All values are means Ϯ SE.
RESULTS
Experiment 1
We first established the number of eccentric contractions that caused a substantial decrement in torque but from which mdx muscle could still completely recover. Groups of mice that performed either 10 or 100 eccentric contractions had equivalent preinjury peak isometric torques (1.7 Ϯ 0.1 vs. 1.7 Ϯ 0.2 N·mm·kg body wt Ϫ1 , respectively, P ϭ 0.887). Performing either 10 or 100 eccentric contractions affected strength loss differently, and, as a result, peak isometric torque of the anterior crural muscles differed between groups depending on the recovery time (interaction, P ϭ 0.030). The number of eccentric contractions performed significantly affected peak isometric torque immediately postinjury as the mice subjected to 10 eccentric contractions produced 60% of preinjury torque and mice sujected to 100 eccentric contractions produced only 29% of preinjury torque (P ϭ 0.002). At 3 days postinjury, peak torque had recovered to 96% of preinjury torque for mice subjected to 10 eccentric contractions but only to 85% of preinjury torque for mice subjected to 100 eccentric contractions (P ϭ 0.045). At 7 and 10 days postinjury, both groups had fully recovered, and there were no differences between groups (P ϭ 0.998 and 0.997, respectively). We chose to use 100 eccentric contractions for subsequent experiments because of the greater immediate strength decrement but equivalent recovery at 7 days postinjury.
Experiment 2
To determine whether the time between repeated bouts of eccentric contractions affected functional outcomes, individual groups of mdx mice performed 5 bouts of 100 eccentric contractions separated by either 10, 14, or 18 days. There was no difference in body weight among the groups of mice (main effect of group, P ϭ 0.190), but, collectively, mice weighed significantly more at bout 5 compared with bout 1 (33.4 Ϯ 0.8 vs. 27.8 Ϯ 0.6 g, respectively, main effect of bout, P Ͻ 0.001).
To accommodate for this growth, torque (in N·mm) was normalized by body weight (in kg).
Across the five bouts, there was no difference in peak isometric torque measured preinjury among groups of mice with different rest intervals (main effect of group, P ϭ 0.482; Fig. 2A ). Two-way ANOVA power analysis revealed this main effect may have been underpowered (power ϭ 0.167). Nonetheless, groups of mice with different rest intervals had the same functional outcome, so groups were collapsed for the further in vivo functional outcomes investigated in experiment 2.
One hundred eccentric contractions drastically injured muscles at each bout (Fig. 2B) . By the end of each bout of eccentric contractions, there was an average loss of 69 Ϯ 2% of eccentric torque with no difference across bouts (P ϭ 0.229; Fig. 2B ). Additionally, immediate torque loss, as indicated by comparing peak pre-and postinjury isometric torques, did not differ across the repeated bouts, averaging between 50% and 62% loss of isometric torque (P ϭ 0.262; Fig. 2C ). Despite the persistent torque loss due to contraction-induced injury, preinjury isometric torques showed a complete recovery at each subsequent bout. Moreover, with subsequent bouts, peak torques improved ( Fig. 2A) . By bout 5, maximal isometric torque was 38% greater than at bout 1 (99 Ϯ 2 vs. 72 Ϯ 2 N·mm·kg body wt Ϫ1 , respectively, P Ͻ 0.001).
Isometric torques as a function of stimulation frequency, before injurious eccentric contractions were performed, for each of the five bouts are shown in Fig. 2D . There were many significant improvements across subsequent bouts in isometric torques that were assessed preinjury. Specifically, at frequencies of Ͼ80 Hz, all torques were greater at bout 5 compared with bouts 1 and 2 (P Յ 0.011).
To consider changes in torque that might be attributed to the growth of mice during the experimental protocols, a group of mdx mice that were aged in parallel to the mice that performed five repeated bouts were studied. These mice performed one in vivo bout ( Fig. 1: study design) . Their uninjured peak isometric torque was 18% less than preinjury torques produced by mice that performed five repeated bouts (81 Ϯ 3 vs. 99 Ϯ 2 N·mm·kg body wt Ϫ1 , respectively, P ϭ 0.002), suggesting that it was primarily the repeated bouts, not just aging, that resulted in the higher torques.
Isometric torque-time tracings were analyzed from peak isometric torques to determine if repeated bouts affected torque contractile properties (i.e., maximal contraction and relaxation rates). The maximal rate of relaxation (in N·mm·s Ϫ1 ) was enhanced by 70% at bout 5 compared with bout 1 (P Ͻ 0.001; Fig. 3A ). When changes in body weight were accounted for, the maximal rate of relaxation was enhanced by 38% at bout 5 compared with bout 1 [4.0 Ϯ 0.2 vs. 2.9 Ϯ 0.1 N·mm·s Ϫ1 ·kg body wt Ϫ1 , P Ͻ 0.001]. When changes in peak isometric torque were accounted for, the maximal rate of relaxation was Fig. 2 . Maximal anterior crural muscle torques for bouts [1] [2] [3] [4] [5] . A: means Ϯ SE of peak isometric torques produced preinjury at bouts 1-5 for groups of mice with different rest intervals between bouts. Peak torques improved with each bout regardless of rest interval. *P Ͻ 0.001, greater than bout 1; †P ϭ 0.034, greater than bout 2; ‡P ϭ 0.007, greater than bout 3. B-D: means Ϯ SE for groups combined across rest intervals. B: the first peak eccentric torque at each bout was ϳ210% of preinjury peak isometric torque at each bout. Thereafter, eccentric torque was loss during the contraction protocol. Peak torque loss during the eccentric contraction protocol did not differ from bouts 1 to 5 (P ϭ 0.229). C: percentage of peak isometric torque loss after the eccentric injury protocol did not differ among bouts (P ϭ 0.262). D: preinjury peak isometric torque as a function of stimulation frequency at bouts 1-5. During bout 5, preinjury peak torques at several submaximal frequencies were greater than those during bouts 1 and 2. BM, body mass.
enhanced by 20% at bout 5 compared with bout 1 (1.35 Ϯ 0.11 vs. 1.12 Ϯ 0.09 kg body wt/s, P ϭ 0.006). Because the TA muscle is responsible for ϳ89% of anterior crural muscle torque (23), we analyzed TA muscles from 1 bout ϩ3 and 5 bout ϩfull mice for the expression of proteins known to affect muscle relaxation. Bouts of eccentric contractions had no affect on SERCA1a expression, although there was a trend for the injured muscles from 5 bout mice to have a greater level than contralateral muscles (P ϭ 0.061; Fig. 3, B and C) . Parvalbumin was 21% greater in in vivo-injured TA muscles from 5 bout mice compared with contralateral controls (P ϭ 0.038).
TA muscles from 5 bout mice allowed to fully recover were assessed for muscle mass and fiber cross-sectional area to investigate whether these contributed to increases in torquegenerating capacity. In vivo-injured TA muscle weighed 8% less than contralateral control muscles (2.24 Ϯ 0.07 vs. 2.44 Ϯ 0.03 mg/g body wt, P ϭ 0.039). The frequency distribution of fiber size showed that in vivo-injured TA muscles from 5 bout mice was skewed toward smaller fibers. Small fibers were categorized as those being Ͻ1,000 m 2 , and large fibers were categorized as those being Ͼ5,000 m 2 . In vivo-injured TA muscles had nearly twice as many small fibers (13% vs. 7% of all fibers, P Ͻ 0.001) and 60% fewer large fibers (6% vs. 16% of all fibers, P Ͻ 0.001) compared with uninjured contralateral TA muscles. The frequency distribution for fibers ranging from 1,000 to 5,000 m 2 was not different (P Ն 0.205). TA muscles that had recovered and adapted from the repeated bouts of in vivo injury had 7% fewer centrally nucleated fibers compared with control TA muscles (221 Ϯ 4 vs. 238 Ϯ 4 fibers of 300 counted fibers, respectively, P ϭ 0.009).
Experiment 3
To further investigate dystrophic muscle recovery and improved strength, right and left EDL muscles from the mdx mice described in experiment 2 were tested ex vivo for contractility. Mice that performed one bout of eccentric contractions and then had EDL muscles tested 3 days later (1 bout ϩ3) were used to show a typical ex vivo contractile response of the EDL muscle after in vivo injury of the entire anterior crural muscle group. In contrast, 5 bouts ϩfull mice were allowed a complete recovery after the final in vivo bout to determine whether five repeated bouts could improve EDL contractile properties, as was observed in vivo for torque.
Three days after one bout of in vivo eccentric contractions, in vivo-injured EDL muscles generated significantly lower specific force compared with contralateral EDL muscles (Fig. 4A, 1 bout ϩ3) . However, that low force was not apparent after 5 repeated bouts of 100 eccentric contractions in vivo. Specifically, the specific force of in vivo-injured EDL muscles was 1) 28% less than that of contralateral control muscles in 1 bout ϩ3 mice (7.9 Ϯ 0. Fig. 4A ). Contralateral control EDL muscles from 1 bout ϩ3, 5 bouts ϩ3, and 5 bouts ϩfull mice had equivalent specific forces (10.9 Ϯ 0.7, 10.7 Ϯ 0.5, and 10.4 Ϯ 0.5, respectively, P ϭ 0.595). Also, maximal tetanic force-time tracings were analyzed to determine maximal contraction and relaxation rates (Fig. 4B) . The rate of relaxation of injured muscles was 40% slower in 1 bout ϩ3 mice (P ϭ 0.019), not different in 5 bouts ϩ3 mice (P ϭ 0.604), and 20% faster in 5 bouts ϩfull mice relative to control muscles (P ϭ 0.049; Fig. 4C and Table 1 ). Maximal rates of relaxation produced by EDL muscles from 5 bouts ϩfull mice were normalized by force, and injured/recovered EDL muscles still had 13% greater rates than contralateral control EDL muscles (55 Ϯ 1 vs. 49 Ϯ 1 s
Ϫ1
, P ϭ 0.003). In addition to specific force and the rate of relaxation, other contractile parameters were detrimentally altered in injured EDL muscles that were analyzed 3 days after just one bout of eccentric contractions (Table 1) . On the contrary, there were no contractile differences between control and in vivo-injured EDL muscles for mice that performed five repeated bouts (5 bouts ϩ3 and 5 bouts ϩfull groups; Table 1 ). These data support that repeated bouts of eccentric contractions caused beneficial remodeling in dystrophic muscle despite the constant degree of strength loss from bout to bout.
Total and contractile proteins of EDL muscles were measured to determine if those contributed to impairments (1 bout ϩ3) or improvements (5 bouts) in EDL force generation. The composition of in vivo-injured EDL muscles from 1 bout ϩ3 mdx mice differed from contralateral uninjured muscles (Table  1) . Specifically, EDL muscles that performed one bout of eccentric contractions had 15% less total protein and 29% less contractile protein than contralateral muscles (P Յ 0.046). In contrast, these difference were not detected between control Fig. 3 . A: anterior crural muscle relaxation rates of peak isometric torques assessed during bouts 1 and 5. *P Ͻ 0.001, bout 5 Ͼ bout 1. B: representative Western blots probed for sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 1a (SERCA1a), parvalbumin, and GAPDH for control (C) and injured (I) muscles. C: comparisons of protein contents between contralateral control and in vivo-injured muscles from 1 bout ϩ3 (1 bout) and 5 bouts ϩfull (5 bouts) mice. All protein contents were normalized to GAPDH and are shown relative to contralateral control muscles for each group, respectively. *P ϭ 0.038, greater than the contralateral control muscle.
and in vivo-injured EDL muscles from mice that recovered with five bouts.
Experiment 4
The aim of experiment 4 was to directly compare the functional recovery between wild-type and mdx mice across multiple bouts of injury and to determine if the injury response and adaptation in the posterior crural muscle group was similar to that observed in the anterior crural muscles. By the end of each eccentric contraction bout, there was an average loss of 71 Ϯ 2% of eccentric torque with no difference across bouts (P ϭ 0.543; Fig. 5A ). Despite the persistent torque loss due to contraction-induced injury across bouts, preinjury isometric torques improved, similar to the strength improvements found with the anterior crural muscles. By bout 5, isometric torque of the posterior crural muscles was 36% greater than that during bout 1 (453 Ϯ 6 vs. 332 Ϯ 27 N·mm·kg body wt Ϫ1 , P ϭ 0.022; Fig. 5B ). These results indicate that the dystrophic muscle adaptation to repeated eccentric contractions is independent of the muscle group (anterior vs. posterior crural muscles). Similar to mdx mice, the average loss of eccentric torque did not differ across bouts for wild-type mice (Ϫ40 Ϯ 2%, P ϭ 0.206; Fig. 5C ), but there was a 19% increase in preinjury peak isometric torques with repeated bouts (bout 1: 410 Ϯ 28 N·mm·kg body wt Ϫ1 vs. bout 5: 489 Ϯ 32 N·mm·kg body wt Ϫ1 , P ϭ 0.025; Fig. 5D ). A recovery score for peak isometric torque was calculated to determine the preclinical relevancy of this adaptation to repeated bouts for mdx mice relative to wild-type mice [(453-332 N·mm·kg body wt Ϫ1 )/(410 -332 N·mm·kg body wt Ϫ1 ) ϭ recovery score of 155%] (as per the TREAT-NMD-recommended standard protocol "The recovery score to evaluate therapy efficiency in NMD: a common, quantitative and comparative scoring system M.1.1_001"; http://www.treat-nmd.eu/research/preclinical/dmd-sops/).
Eccentric contractions elicited torques twice that produced by isometric contractions for wild-type and mdx mice (201 Ϯ 10% vs. 211 Ϯ 10%). However, the isometric torque loss after one bout was greater in mdx mice compared with wild-type mice, such that after the injury protocol mdx mice generated 22% of preinjury torque, whereas wild-type mice generated 47% (P Ͻ 0.001). However, mdx mice demonstrated a remarkable capacity to recover from injury as isometric torque 7 days postinjury was not significantly different than preinjury torque, whereas wild-type mice still showed a 25% decrement (Fig. 6,  bout 1) . Moreover, relative to peak torques generated immediately postinjury, there was a 270% improvement in peak isometric torque within 3 days postinjury and a 360% improvement in peak isometric torque by 7 days postinjury for mdx mice (76 Ϯ 9 vs. 201 Ϯ 25 vs. 270 Ϯ 26 N·mm·kg body wt Ϫ1 , immediately, 3 days, and 7 days postinjury, respectively). This demonstrates the rapid rate of recovery from contractioninduced injury in dystrophic muscle. Furthermore, the high recovery rate of dystrophic muscle was not mitigated by multiple bouts of injury as the rate of recovery was similar for mdx mice after bout 4 compared with bout 1 (i.e., ϩ325% and ϩ450% improvement in peak-isometric torque, 3 and 7 days postinjury, respectively).
DISCUSSION
We designed four experiments to comprehensively test the recovery and adaptation of dystrophic muscle to repeated bouts of eccentric contractions. There were three primary findings. First, after one bout of eccentric contractions in vivo, there was a rapid recovery (within 7 days) of muscle contractile function in mdx mice. Second, repeated bouts of eccentric contractions did not exacerbate muscle injury during subsequent bouts. Third, repeated bouts of injurious eccentric contractions paradoxically increased strength in dystrophic muscle. Each outcome will be considered in the following sections.
Rapid Recovery of Dystrophic Muscle
The main functional consequence of eccentric contractioninduced injury is the immediate and then sustained reduction in the muscle's ability to generate force (2, 9, 18) . Here, we used an in vivo method to elicit eccentric contraction injury and then to assess muscle strength, allowing us to track the functional recovery over time in the same mdx mice. We observed that in Fig. 4 . Ex vivo contractility of EDL muscles. A: injured (Inj) EDL muscle peak specific force for 1 bout ϩ3, 5 bouts ϩ3, and 5 bouts ϩfull mice relative to contralateral control (Con) EDL muscles. B: representative isometric force tracings (force vs. time) for the three experimental groups. The maximal rate of contraction (ϩdP/dt) was determined from the greatest slope during a maximal isometric tetanic contraction. The maximal rate of relaxation (ϪdP/dt) was determined from the greatest slope during relaxation from a maximal isometric tetanic contraction. C: tetanic rate of relaxation in injured EDL muscles relative to contralateral control muscles. *P Յ 0.019, less than the contralateral control muscle; †P Յ 0.049, greater than the contralateral control muscle.
response to one bout of eccentric contractions, dystrophic muscle function was completely recovered by 7 days postinjury (Fig. 6 ). This is in contrast to what we observed in wild-type mice, whose muscles still exhibited a 25% decrement at 7 days postinjury. This is also in stark contrast to the rates of recovery observed in wild-type mice, where force decrements induced by an analogous eccentric contraction protocol can persist out to 28 days postinjury (16) . The prompt recovery of muscle strength for mdx mice is congruent with two previous reports. First, Ridgley et al. (37) showed that 7 days after 20 eccentric contractions, anterior crural muscles from mdx mice generated isometric torques that were not significantly different than preinjury, whereas muscles of C57/ FVB wild-type mice still showed a 25% decrement. Second, Brooks (6) assessed the injury and recovery of a single anterior crural muscle (i.e., EDL) using an in situ method. Immediately after 10 eccentric contractions, force produced by EDL muscles from mdx mice was 30% of preinjury force and wild-type muscles produced 50% of preinjury. By 72 h postinjury, EDL muscles from mdx mice were completely recovered and capable of generating 100% of preinjury force, whereas wild-type control muscles were capable of only generating 75% of preinjury force.
To further investigate recovery after injury, we explored adaptations in the anterior crural muscles after one bout and five repeated bouts of injury. It appears that one adaptation of dystrophic muscle after injury is the sparing of total and contractile protein content in response to repeated bouts. There was a 29% reduction in contractile protein after one injurious bout (1 bout ϩ3; Table 1 ) but no difference in contractile protein content between in vivo-injured and contralateral control EDL muscles after five repeated bouts (5 bouts ϩ3; Table  1 ). Reductions in myofibrillar proteins 5-14 days postinjury are common in wild-type mice (16, 18) , but until this study, the extent to which contractile protein loss contributes to force decrements after contraction-induced injury in dystrophic muscle was unclear. Low tetanic force immediately and up to 3 days after eccentric contractions has been attributed to aspects of excitation-contraction uncoupling in wild-type mice (16, 46) and may play a role in the early strength deficits in mdx mice as well (47) .
We also investigated if the regenerative capacity of dystrophic muscle was exhausted by multiple bouts of contractioninduced injury and found that it was not because recovery rates were equivalent after bouts 1 and 4 (Fig. 6) . We also found that the functional recovery for normal muscle was faster with (A and B) and wild-type (C and D) mice. A: peak eccentric torque generated by the posterior crural muscles during bouts 1-5 for mdx mice. There was no difference in torque loss during the injury protocol across bouts (P ϭ 0.543). B: preinjury peak isometric torque of the posterior crural muscle from mdx mice improved across bouts. C: peak eccentric torque generated by the posterior crural muscle during bouts 1-5 for wild-type mice. There was no difference in eccentric torque loss during the injury protocol across bouts (P ϭ 0.206). D: preinjury peak isometric torque of the posterior crural muscles from wild-type mice improved across bouts. *P Յ 0.025, bout 5 Ͼ bout 1. All data are means Ϯ SE. Error bars not seen are contained within the symbol. repeated bouts of injury, confirming a previous report (18) (Fig. 6: bout 1 vs. bout 4) . In reference to bout 1, normal, healthy muscle has minimal ongoing regeneration, which is in contrast to dystrophic muscle, which undergoes continual injury and repair. These different basal levels of regeneration may explain the relative slow response to initial injury in wild-type mice compared with the faster response in mdx mice. In other words, dystrophic muscle rapidly regains contractile function due to regenerative processes already being in an elevated state. This is supported by the greater basal expression of myogenic regulatory factors (i.e., myogenin and MyoD) in dystrophic muscle compared with normal muscle (4, 25, 32, 48) . The earlier recovery of muscle function occurs in normal muscle but only after repeated bouts of injury. More investigation is needed to further elucidate the mechanisms of functional recovery after muscle injury in dystrophic muscle.
Repeated Bouts Do Not Exacerbate Muscle Injury
The strength that was lost immediately after eccentric contractions was not worsened by repeated bouts of the injurious protocol. That is, the anterior and posterior crural muscles of mdx mice lost ϳ70% of eccentric torque-generating capacity in response to each of the 5 bouts of 100 eccentric contractions (Figs. 2B and 5A ). Given the amount of injury that occurs from our eccentric contraction protocol, it was surprising that the mdx phenotype was not exacerbated with repeated bouts. Because torque-generating capacity is significantly less in mdx mice compared with wild-type mice immediately afte eccentric contractions (Fig. 6) , we can deduce that dystrophin is probably essential for mitigating eccentric contraction-induced injury in vivo, but dystrophin in not essential for all adaptations, such as those required to improve strength in dystrophic muscle.
Improved Contractility as a Result of Repeated Bouts of Eccentric Contractions
The most significant functional outcome of the five repeated bouts of eccentric contractions was the improved strength of dystrophic muscle. We observed a 38% increase in dorsiflexion torque ( Fig. 2A) , a 35% increase in plantarflexion torque (Fig.  5B) , and a 17% improvement in EDL muscle specific force (Fig. 4A) .
Improvements in torque and EDL specific force were independent of muscle hypertrophy as muscle mass and protein contents were not increased after five bouts (Table 1 ). This suggests that repeated bouts caused an adaptation that affected the intrinsic capacity of dystrophic gastrocnemius, TA, and EDL muscles to generate or transmit force. Previously, we (13) have shown that TA muscles from mdx mice have 72% more fluid and 52% more collagen compared with wild-type mice. These alterations can affect the transmission of force and confound the comparisons between normal and dystrophic muscle of force normalized to physiological cross-sectional area, which take into account muscle mass and length. This latter point was exemplified by Sharp and co-workers (40) , who observed that absolute forces of TA muscles from mdx mice exceed those of wild-type mice (20% greater). However, when forces were normalized by physiological cross-sectional area, the results were reversed, reflecting dystrophic muscle weakness. These results indicate that at least one factor contributing to force differences between normal and dystrophic muscle is the deposition of noncontractile materials that do not generate force but do contribute to increased muscle mass and increased fiber cross-sectional area. Adaptations after repeated bouts may have altered fluid and collagen contents in dystrophic muscle. Indeed, after full recovery, in vivo-injured TA muscles weighed less than contralateral control muscles and in vivo-injured TA muscles had a shift toward fibers with smaller cross-sectional areas, which has previously been reported as beneficial (20) .
In addition to torque and force generation being improved in dystrophic muscle in response to repeated bouts of eccentric contractions, maximal rates of relaxation by the anterior muscle group and EDL muscle were also greater (Figs. 3A and 4C) . Analysis of this contractile property led us to investigate SERCA and parvalbumin expression. Indeed, greater rates of relaxation may reflect enhanced expression of Ca 2ϩ -handling proteins such as parvalbumin. Parvalbumin is a Ca 2ϩ -binding protein present in the cytosol, and in fast-twitch muscles such as the TA, the expression of parvalbumin is reduced starting at disease onset in mdx mice (39) . Mdx:parvalbumin doubleknockout mice display greater decrements in force-generating capacity of EDL muscles compared with mdx mice, demonstrating further that reductions in Ca 2ϩ -handling proteins can negatively affect muscle function (36) . Therefore, the increased parvalbumin that was measured after repeated bouts may be an adaptation that is beneficial for dystrophic muscle in terms of both strength and relaxation (Fig. 3, B and C) .
Conclusions
In summary, a significant amount of strength is lost when dystrophic muscles perform eccentric contractions. However, the dystrophic phenotype in mdx mice is not worsened when eccentric contractions are performed on a regular basis. In fact, muscle torque and force improved after multiple bouts of eccentric contractions, showing that substantial strength gains are possible without the presence of dystrophin.
